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  ON THE SATURATION OF NON-VOLATILE SUBSTANCES 
            IN AQUEOUS SOLUT10N5.` 
                            $y Talze Kurtl:. 
   The solubility of a solute in a solvent is considered to be one. of the charac-
teristic physico-chemical properties of the solute from the fact that it is of a definite 
quality under such conditions :ts the temperature and the pressure. Nevertheless, 
the relation bet+veen the solubility of a solute and its other properties has not 
been elucidated yet, and theories concerning the saturation of a solute still remain 
within the scope of thermodynamics. 
   Pro(. S. Horiba discussed the relation beh+•een the moleatlar volumes of 
substances lightly soluble in water :md [heir solubilities". This, ho+vever. is not 
applicable to a substancc'havittg a lame solubility, such as salt;. Under Prof. S. 
Horiba's Guidance the present author studied comprehensively the influence of 
non-volatile substances on the vapour pressures of their aqueous solutions and 
found that each solute had a characteristic onstant to show its solubility, which 
he named '• Saturation coefficient ". The results obtained are reported below. 
                 Experiments and Experimental Results. 
    The principal part of the apparatus used consists o(a Pyrex spring manometer {pressure 
indicator) soldered with a oclpper tutee, :t tberroostat, omercury-manometer, aP ecision-mano-
meter of metal, agar-tank of high pressure and regulating valves. A glass valve which held 
pure water free from any gas or air and a given amount of the sample (silt} n•ere sealed in 
vacuum at the bottom of the spring manometer, and the glass valve was made W break 
dne to the freezing of water. As for the thermostat, i[ mnsists of an oil-hadl with a special 
appamtus and is kept constant for a long time in the temperature range between 50° and 
3jo°C. TIYe unit of the reading pressure was I/j mm. belmv 3-4 atmospheres, dte mercury 
manometer being employed, and y mm. above these atmospheres, the Metal-manometer b ing 
employed. The samples (salts) user) +vere absolutely pure HgCI:. NaNOs KNO„ and CaCI. 
of Kahlbaum and Merck. , 
    "1'he x
perimen411 results are shown in Figs, t, ±, g and 4, being summarized%I 
      * 't'his is the English translation f the paper e~hich appeared in Rrr. Phys. L'hnn. frfimr. 
      i) ti. 1[oriha, Trnru. Aurnd. Sba, I5,. I78 (lgm} 
     x) This Jounrnl, 10, 74 (1936). 
      3) As 1° the detailed report, see this Jnrrrud 10, 75; 3r1 (rg36}
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                     Theoretical Consideration. 
    The relation that the binary solution of anon-volatile solute and its vapour 
phase are in equilibrium is thermodynamically expressed by 
             - Q° cd7~~-~1io-rto]dp-~ro d~ ~~ its l-~ ~t 
where Qo is the heat of vapqurisation f a solvent, ;,o and v~ the molecular volumes 
of the solvent in the vapour and liquid phases respectively, raand na the numbers 
of mols of the solute and the solvent in the solution respectively and ra the 
chemical potential of the solute. 











                                               9fiT~1t~~i~1 Vol. 12n No. 2 (1938) 
No. 3 ON TILE SAl'UI.A790N OF NON-VOLAII LI'. BUnSTANCES IN AQUEOUS Oi.. {9 
                   %~ n OJte Jta 
where L is the heat of solution of a solute, :~~ and .~ the molecular volumes of 
the solutes in the solid and solution phases respectively. 
                   Vapour Pressure and Temperature. 
   Saturated Solution. 
    In NIe saturates] solution of a solute wlmse solubility increases with the rise 
of temperature, the vapour pressure increases with the rise of temperature, reach-
ing the maximum particular to the solute, and will decrease sharply toward the 
the melting point of the solute and then disappear. This phenomenon was deduced 
by Rooze6oom from his experiment nn the hydrate of CaCI'_J and theoretical 
discussions were matte by van der Waals°i, Snits°I and .others. Jellinek has lately 
derived the theoretical formula of this from the activity of a solution. 
    Let us examine this relation from the above mentionedgeneral relation. In 
a saturated solution, the vapourisa[ion of a solvent is accovtpanied by the crystal-
lisation of a solute. "this requires the relations (;) and (2) to hold simultane-
ously 
               xL (                °
7, dT-i(:o-Zr°)+(Jr-p)-r}dp=0• (-t= n )                         l 0
Therefore, 
               dp - 
) Qn-a"L 
    In this equation, :•° and (:/r-v).r arc negligibly small. So assuming that 
vapour obeys the'gas law, we have 
            d'J RT= 
    This equation expresses the relation between the vapour pressure and the 
temperature of a saturated solution. While the solubility .r is small and Q0-xL 
>o, .the vapour pressure increases with the rise of temperature. When the 
solubility becomes remarkably arge with- the rise of temperature, Q°-xL becomes 
o and here the .vapour pressure reaches the maximum. At higher temperatures, 
     4) H. \V. It. RooreLoom, R<r. frmt, 8, t QSBg); Z. pkyrik. Chrnt.; 2,,46 (1838); 4,}t-fI>~9)• 
      5) Van der Wnalx, f_rkrb. d 7%rrruiadynahtik:, ii. 370, 5zt (Igtz), 
      6) A. Snits, T.. plq~rik. Chem., 78, 708 (tglz). 
     7) li. Jellinek, I<hrd. C. pkyrik. Chenrir, IV.736 t+9331•
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Qe-xL becomes less than o, and the vapour pressure falls with the rise of tempera-
ture. When the solubility s increases infinitely with the rise of temperature, the 
vapour pressure of the solution is to approach o towards the melting point of the 
solute. So far as the antL•or knows, however, these phenomena have not been 
experimentally verified yet. 
    The preset[[ experimental results show, as seen from the curves OS,?\35,F in 
Figs. t, z and 3, that the vapour pressure of a saturated solution presents the 
first boiling point at St, reaches the maximum at Nf and deereascs harply towards 
the melting point of its solute F, presenting the second boiling point at S,. The 
observed values are as follows: 
             HgCh NaNO, KNO, 
      S, toi°C. tzo°C. tt5°C, 
      Bf 23;°C. (t2.t5atm.) 24?°C. (5.6atm.) 265°C. (7.5atm.) 
      Se 274.5°C. 3o4°C. 333°C. 
These results justify the van der Waals-Roozeboom theory. 
    Unsaturated Solution. 
    The relationbeUveen the vapour pressure of an unsaturated solution and the 
temperahue has generally been discussed by the Clausius-Clapeyron theory, but 
the question whether this theory is applicable to a concentrated solution or not 
has not yet been csperimentally demonstrated. 
    Assuming that the concentration is constant, equation (t) becomes Clausius-
Clapeyron's formula. Taking C to be the integration constant, the equation may 
be rcnvitten as 
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The vapour pressures of an unsaturated solution which has lost " Bodenkorper" 
 at ~!„ 111., 1113, etc. are shown by the curves M, II. IY1,I!/, M,IP, etc. in Pigs. t, 
 z, 3 and q respectively. As for these parts, Tlog p plotted for Tare shown in 
 Figs. 5, G, ]and S. As seen in these figures, the linear relation holds betcveen 
 T log p and 7: This proves the applicability of the Chusius-Clapeyron theory 
 to a concentrated solution, however high the temperature and the concent5ation, 
 so long as the solution is in the unsaturated state. 
                         Sohlbility. 
    The measurement of the solubility of a solvent at the temperatures 
 near the boiling point, especially at temperatures higher than the point being 
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hard to make, the solubilitics of these salts at high temperatures had not been 
determined before. The author, however, could determine the solubilities by the 
ratios of the solutes to their solvents in the mixtures and the angular points of 
the vapour Pressure curves of the solutions, that is, the transition points from the 
saturated stales to the unsaturated ones (for example, M„ t11, tll„ etc. in hiss. 1, 
z, 3 and q). The results thus determined are shown in Figs. 9, to and t1, and 
the solubility curves thus obtained above loo°C, continue smoothly to those 
already obtained belon• the temperature. This (act justifies the determination of
the solubiliq~ by this tnethod-
      Vapour Pressure and Concentration of a Concentrated Solution. 
    Raoult's law concerning [he depression i the vapour pressure of a solution 
by its non-volatile solute is applicable only to dilute sohrtions and not to any 
other solutions, especially to concentrated solutions. This deviation has been 
explained from the molecular depression of the vapour pressure, or with van't~ 
Hoff s coefficient, or by a kinetic theory, and yet there is no satisflctory explana-
tion made. 
    Prom the experimental results, the author derived the following empirical 
formula concerning the vapour pressure. and concentration of a concentrated 
aqueous olution 
                 P no -kY' ~ no -.t~ 
or 
             ~o = ku+uo =kx+t , (sY 
            p no 
where p. and p are the vapour pressures of pure water and of an aqueous olution 
respectively, „oand ,r the numbers of cools bf water and of a solute in the solution 
respectively. As for k, it is a coefficient characteristic of a given solute and is 
constant, so long as the solution is in the saturated state, being always independent 
of the temperature and the concentration, but it varies according to the concent-
ration while the solution is in the unsaturated state. As will be mentioned later, 
this coefficient is a characteristic coefficient. 
    In a solution, both the soluteand the solvent are in some particular mole-
cular states. Accordingly, it is considered that the solute has a value or effect 
k times as large as icy own number of mots; in other words. the solvent ]tax a 
value or effect p(=t/k) times as large. Therefore, the actual effects of the solute 
and the solvent in a solution as concentrations will be as follows ;
2 (1938)
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                ~ ~/t - " for solute                /1'/t +llp 71+~t/tp ( 
[                               \~_-) (6) 
The author has named these values the "effective concentrations" in as aqueous 
solution. 
   Then the above-mentioned relation (g) or (5)' stay be interpreted as' follows. 
The vapour pressure ofa concentrated agttcous solution o(anon-volatile solute is 
proportional to the effective concentration of the solvent is the solution, that is, 
of water. This is an experimentally obtained relation common to the solutions of 
nonvolatile solutes. ]n the case of an ideal solution which does not make ionisa-
tion or a dilute solution approximate to it, the value of k approaches t, and its 
effective concentration becomes the ordinary concentration or the molar fraction 
hence quation (5) becomes Raoult's equation. 
    In equation (t), assuming that hetcmpcrarin'e is constant, r" is negligible for 
v~ and the vapour .obeys the gas lam, the have 
             dlnp _ ue dp ( __ n (7) 
    This is the general equation expressing the relation behceen the vapour 
pressure and the concentration f a solution of anon-volatile solute. The function 
 B~ ,however, is unknown, because the inner state of a solution has not been made  d/t" 
clear. Therefore, the equation can not be integrated. 
    In the case of an ideal solution the. chemical Iwtential of a solute is expressed 
by 
where ~O is the function only for the temperature and the pressure and N is the 
molar fraction of the solute. Accordingly, equation (y) being integrated, it becomes 
or 
           p = ` (9)' 
             Do r+ t 
This. is precisely Raoult's law and sllotvs that. the vapour pressure of a solution 
is proportional to the concentration or the molar fraction of the solvent in the 
solutiom. 
    As this relation can not be applied to the general Case, let tts consider Lewis'
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activity for the actual solution, then the chen»cal potential of the solute will be 
as follows : 
           rp=gyp+RT In a=~+RTln N+R7 In f, (to) ' 
where a and f are activity and the activity coefficient o[ the solute respectively. 
Accordingly, from equation (y), we have 
           Inp=-ln (x+t)-Ix ddxf dx+ C. 
    Now, let ao and f represent thJe activity and the activity coefficient of the 
solvent respectively, then tte have 
                     dlnfIn f =- x dx. 
                     dr 
Therefore, 
            lap=-]n(x+t)+lnfo+Ltp„ (tt) 
0 Ilere we have the said relation that the vapour pressure o(a solution is propor-
tional to the activity of the solvent. 
    In the case of a concentrated solution of non-volatile solute, it is evident 
from equations (q)' and (r t)' that the vapour pressure isproportional experimentally 
to the effective concentration f a solvenb and theoretically to the activity of the 
solvent. \\'hcn those two relations are considered to be of the same nature, the 
relations behvecn the effective concentration and the activity of a solution can tie 
obtained thus: for the solvent, 
                       _ t rr„ t              ~0 k
r+t ks+uo • ( ) 
and for the solute, 
            In«=-~ [ dlnnadx=~ t t d(k,r) rfx. 
                        x rLr x kx+ [ ex 
Therefore. Inrr=kln kx -Jln k.r dk ,dx. (t3) 
                    kr+ t kx+ t rlx 
    'T'hese eXlxessions, however, can not be integrated, for the relation between 
k and x is unknown. In the case oC a saturated solution k is constant, irrespective 
of the concentration. Therefore, let a, represent he activity of the solute in this 
case, then
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                    kr+ t 
k 
This relation sho.vs that the activity of the solute is equivalent to the kth order 
of the effective concentration, when k is a constant in the saturated state. 
         Saturation of Aqueous Solution : Saturation Coefficient.
    hirst, Ict us examine the coefficient k which shows the effective concentration. 
In the case where a solution is in the saturated state, the coefficient is constant. 
irrespective of the temlxrature and the concentration. This is seen in Tables I, 
II and III. 
                                  'f able 1. 
                Salurntinn Ccefiicicnl k of Soluratcd aqueousSolutions of 1[gCl..
2 (1938)




„o re r rl,.~, rlt.a 1'II_A
k
su oAI60]I o.g67 o.g6z5 o.g6z5 oo~J73o a6o54
IDD 0.035~3 l.om 0.9795 o•9TJS oAZO9zg 0.5333
Iw oA7739o 2.960 2.374 t•37a 0.045390 o.589z
Iqo 0.14200 3.567 3.326 33t6 oA75693 a5368
160 0.26340 6.20 5350 5~350 0.1gOt8 0.5231
I30 o.g6gq6 9.90 7.323 o.ol 7.So3 o.z6874 a5736
zoa o.855zI I534 Ia~a aoSl Io.t73 0.5o79t 0•5939
zza tA767 2z.39 u.32a ao72 t t.739 0.94990 o.6g3z
2Q0 =7427 iiA3 I2.072 O.I51 iL9L L7701 0•6459
2Ca 6.5689 gbgt 9.553 0.320 Az<13 gA202 o.blog
nlcan o.SggG
                 Tablc II. 










to I o.1706 q21 7•[3 0.29173 i.710 Adams nod Tlea "1
30 azo36 31.81 z3.o7 0.38015 L&>7
So o.z55y 93.51 62.zt O.g87o5 Lfi8[
lao o.353G [.aoo • o.56a 0.78571 z.o48 T. Kunm
l40 0.5788 3.567 1.631 LtS7o z.oSl
180 0.9932 9.90 3•go4 Lgo83 t.9tz
z3o [.7505 22-59 5.z81 3.3344 [.go5
z6a gnz7 g6.31 5349 7•(577 1.903
300 3og62 Sq.So z.567 3z.112 Lo63
mcan L90q
8) J. R. Adams and A. R. ~tcrs~ lnd. Eng. Clum., 21. ;{05 ~s9~9A
y
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mm. 1~ atm.) (mm. & atm.)
_/'o-/_r k Oluerver
to 0.0368 9.z1 3.37 0.o3833I IAgz Adams, Aferz"1
30 OA3al 3 LSq z8.3q o.iogoz Lz67
fio o.tg6g I49-0 I225 o.zI959 1.315 I'aalowitseh~l
90 o.3G;,q Sz5.3 367.5 0•43075 LI85
i0O 0-0334 IAm o.fibfi 0.50I50 Llq.j T. I:ume
Iqo 0.3QI I 3.567 I.774 Lo107 Lznz
ISo I39oo 9~90 3.7zo LGGI3 L195
zzo z.4ofi 22.34 6A±5 z.79o9 Llfa
z6o 4.593 46.;I 7d16 5.3z99 Id59
3ao I1-09z Sq.So 5.930 I33ooz LI57
3m i6A35 I I L4fi 3.60] z9.95z I.151
menn I.I69
    As seen from these tables, over a very wide temperature ange such as from 
low temperatures up to the melting poiot of each salt and also over a tvide 
concentration tangs: such as oi~uo=o.ol-30.0, each salt always has its particular 
constant value. This fact. is observed without exception i  all the results of experi-
ments on salivated solutions, which have already been reported by many investi-
gators. The values of k of various kinds of salts thus obtained are given in 
Table IV, 
    When a solution is in the unsaturated state, k varies according to the 
temperature or concentration f the solution. But in case the degree of saturation 
of the solution is taken into consideration, k becomes independent of the tentpera-
hve. 
    Let x and x, represent a given concentration. f a solution and its solubility 
at the same temperature spectively, then the value of the ratio, S= "r , is 
                                                         s, 
always o-..1. The author calls S "the degree of sahtration " of the solution. 
From the experimental results of the author and other investigators. (or unsatu-
rated solutions such results were obtained as shown in Figs. ]z, t3, etc., kbeing 
plotted for the degree of saturation S instead of the concentration x. 
   It is apparent from these figures that the values of k plotted for S at different 
temperatures lie on a smooth curve and that the change of k for S is independent 
of the temperature. 
      y) P. Pawlowitwh, Z. fh~muE. Ckem.y89, t7o (rgr3}
2 (1938)
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these results iC is clear that the coefficient k has a close connection 
of saturation of the so]ution and is a constant characteristic of 
                    Table IV. 
      Salutation CcefScienls of vaziocsSalts including their llydntes.
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     I?uch value of this Iahle is the mean value obtained for the results n( the spine invesligalors. 
deviation in the vpluc of k for same salt is ascribed to large influence of the experimental error 
measurement of vapour pressure or solubilitS upon the value of k.
Some 
in the
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solute which is to decide the solubility, being independent of both the temperature 
and the concentration. The coefficient, therefore, is named •` Salivation coefficient " 
of the solute in an aqueous solution. It is apparent that it is affected b}' the inner 
state, for e:cample, the ionic dissociation, association or hydration of the solute, 
or the depolymerisation of the solvent in an aqueous solution. 11s is seen in 
Table IV, the large the radius of the ion, the value of k is small (or the cation, 
and vice versa for the anion. The value of d•, however, varies even in the same 
salt if the molecular state of the salt as " Bodenkiirper " differs, as seen in Table 
V. 
                             Table V. 
               Saturation coefficients k of SaturntudarJueousSolutinnx of various Salts. 
  L I r ,.n..) ( m) ° II dcnkury~er  (ntcin) 
              CaCI.. RaozeLoomto>
0 4.579 x.944 xa37 (A) CaCI_ • 61I_O .4.056
xo 9.za9 :-456 9.49 x5.797
m x7.535 5.6x6 Sz8 x7.573
z5 z3.756 G.696 7.5' x6.yo






















za 37.535 4.744 6.78 (C3 C.iCle•gli.0•¢ (+S.zBo)
z5 zt756 5.724 Gdz 2o.zzq
29.8 3146+ 6.80 6.m (L) .~ 2z.taz
35.0 42.375 8.64 5.75 zz.3 [S
40A 55.321 10.37 5.35 zia9z
45.3 72.99 11.]] 4.73 \('A('.IN 211.0
24603 zxd9z
zo 17.535 3.564 5.90 (N) G~CI. •411.0 •~ 23.328
z5 23.756 4.644 5.66 23.292
29.2 30.392 5.67 Sdi (E) .. 23.588
30 33.842 5.83 Sdo z4•o93
35 4x•175 7ax8 5.04 24.781
38d So.774 7.803 4.83 \CACIe•211.0
26.599 24.x47
So 9x.51 15.5 4.66 Ca CI. • 21110 (z3•+57)
70 233.7 43.0 4.37 (19.38+)
90 Sz5.76 +ODA 4A8 (17.3737
i+0 Lglq o.a6S 3.72 <35.907)
335 3.089 0.572 3.33 14.652
155 5.363 0.895 aSR 14.378
=7a 7.82 1 A97 zdz 34.531 14.671
~o) H. W. B. Raozcl»oro, Z. plrrik. C/am., 9, {z (B3q).
,~
60 T. KL'ASE
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3o I 3[•84 I8.93 I o.5379 Lz68 Luz
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NIIsNO,y rhnmh. ~ t •377 
t.}7t t•374
     In the Inhlc, the irregtllnrity of tl.e value of k IuNh in the neighlxmrhoorl n( the Iransilion point 
of "IindenkSrpur" and in the temperature range lxlween 5o°-taPC. eeenis to he glut to the facts Ilmt 
the "I3ortenkOrpcr" is not homogenmus and that scone nnslahlc Lydrale of higher order cMZisls. 
    It should be noted that even in the same salt the value of k varies according 
to the stage of hydration-anhydrite, hydrate and the intermediate, and that the 
difference of the crystal structure as " 13odenkorper " causes variation in the value 
of k as in the case of NHaATOa. 
                            Conclusion. 
  
• The results of the esperimcrtts on the vapour pressure of a concentrated 
aqueous solution carried out over very wide temperature and concentration rangc.•s 
proved that in both the saturated and the unsaturated states the relation between 
the vapour pressure and the temperature was quite in agreement with what was 
obtained from the thermodynamical theory. 
    In the relation between the vapour pressure and the concentration, however, 
there n•as found a remarkable deviation from what n•as required by the thermo-
dynamical theory, and the deviation can be represented by a new coefficient 
having a close relation to the saturation of a solution. The very coefficient is 
what the author has named "Saturation coefficient ". In the saturated state of a 
     lx) 1:. Arii, /7u17. /rut. ~/J,r. ckeur. F. urtrcl (Tukpo), 7, Sqx; Eng F.d•. 1, 33, Qya3} 
     Iz) Adams and nfcrz, brd. Eu, ckrm., 21, 305 ft9~9)•
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solution it has always a constant value particular to each solute, being independent 
of [he temperature and the concentration. In the unsaturated state it is related 
only to the degree of saturation and makes a cha~ige particular to each solute, 
being independent of the temperature. Therefore, the coefficient is a characteristic 
coefficient of an aqueous olution [o decide the state of saturation of the. solution. 
    The physical meaning of this coefficient can not be elucidated yet, but the 
above-mentioned facts show that in case the degrees of saturation in aqueous 
solutions of a salt are the same the inner states of the solutions arc alwavs the 
same, being independent of the temperature and the concentration. Furthermore, 
they show that even in the case of the same°salt the difference ofthe molecular state 
of the " Rodenkorper ",-an anhydrate, a ]tydrate, a degree of hydration or a 
crystal structure-leads to the difference of the molecular state in each aqueous 
solution gild hence the difference of the state of saturation. 
    Further research on the subject is in progress. 
    The author wishes to express his sincere appreciation to Prof. S. Horiba for 
his continued guidance throughrnrt this research. 
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